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Abstract Raman spectroscopy is a versatile technique that
has frequently been applied for the investigation of art
objects. By using mobile Raman instrumentation it is
possible to investigate the artworks without the need for
sampling. This work evaluates the use of a dedicated
mobile spectrometer for the investigation of a range of
museum objects in museums in Scotland, including antique
Egyptian sarcophagi, a panel painting, painted surfaces on
paper and textile, and the painted lid and soundboard of an
early keyboard instrument. The investigations of these
artefacts illustrate some analytical challenges that arise
when analysing museum objects, including fluorescing
varnish layers, ambient sunlight, large dimensions of
artefacts and the need to handle fragile objects with care.
Analysis of the musical instrument (the Mar virginals) was
undertaken in the exhibition gallery, while on display,
which meant that interaction with the public and health and
safety issues had to be taken into account.
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Introduction
Advances in analytical technology have led to increasing
interest in the scientific examination of precious artefacts
and antiquities. These examinations may be for a variety of
reasons, most commonly fundamental interest in the
materials and techniques used by the artist, or understand-
ing their conservation, condition or degradation processes.
Analytical data (e.g. from spectroscopic examinations) can,
by material identification, assist in dating or authenticating
art objects or works of art. The availability of these
techniques is therefore very important and it enables us to
solve specific questions concerning the conservation,
restoration and history of artworks [1–3].
In conservation science, analytical techniques which are
non-destructive or micro-destructive are particularly impor-
tant. Raman spectroscopy is such a technique, allowing
material identification from particles down to 1 μm. This
method has already been used for the investigation of
different artefacts, including panel paintings [4, 5], glass
[6], wall paintings [7, 8], manuscripts [9–11] and historical
biomaterials [12, 13]. Although this technique used to be
expensive and highly specialised, it is becoming increas-
ingly more accessible to large museums owing to instru-
mental improvements and lower costs [14–17]. However,
regional museums often still do not have access to this kind
of analytical facility. Use of mobile equipment is one
solution to this problem, since several institutions may
benefit from a single instrument. In addition, mobile fibre-
optic-based Raman instrumentation may facilitate the
analysis of artefacts that are difficult or impossible to bring
to the laboratory, such as wall paintings on the vault of a
chapel [8].
In this work we evaluate the use of a mobile fibre-optic-
based Raman instrument to perform investigations in a
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museum context. Different types of artefacts were investi-
gated in a variety of locations, testing and demonstrating
the flexibility in instrumental set-up. In particular the
experimental conditions during the examination of a
virginals on exhibition were challenging. Instrument
stability after travelling overseas (between Belgium and
Edinburgh, UK) was also thoroughly evaluated.
Experimental
Objects were investigated in the conservation and research
laboratories, stores and an exhibition gallery of the National
Museums of Scotland (NMS), Edinburgh, as well as in the
Burrell Collection (Glasgow) (31 October–13 November
2005). For these surveys mobile Raman equipment was
used, which has been described extensively elsewhere [19].
The core of the equipment consists of a SpectraPro-150i
150-mm spectrometer and a thermoelectrically cooled
charge-coupled device detector (Roper Scientific/Princeton
Instruments). The system is also equipped with a 785-nm
diode laser for excitation, which has a maximal output
power of 300 mW at the source. In order to avoid damaging
the artefacts during these investigations, and depending on
the object and the colour of the area under investigation, the
output power was limited to a maximum of 10 mW
(measured at the surface). The accumulation time ranged
from 10 s to 1 h for weak Raman scatterers. For these
investigations the 600 lines/mm grating was selected. Due to
non-ideal focussing conditions, the expected minimal laser
spot size of ca. 25-μm diameter (when working with a ×6
infinity-corrected objective lens) could not be reached. In
practice we worked with a larger spot size of ca. 50 μm. For
each area at least 10 spectra were recorded and evaluated in
order to tackle paint inhomogeneity at this scale. The
experimental configuration was adapted to suit the artefact
under study. For example, the probe head could either be
mounted horizontally or vertically on the articulating arm
and extension tubes could be used on the probe head to
facilitate access to the artworks [8, 18].
Results and discussion
When testing the versatility of a mobile spectrometer in a
museum context, the technique needs to be applied to a
broad range of artefacts and questions. Throughout this text
we will provide several examples, illustrating different
facets of this approach. Table 1 gives an overview of
the investigated artefacts, together with the analytical
challenges that these investigations represent.
The examination of Egyptian sarcophagi, both in the
National Museums of Scotland (Edinburgh) and in the
Burrell Collection (Glasgow Museums & Art Gallery)
illustrate the comparative ease of transportation of the
instrument. The capability of the technique to analyse
pigments on artefacts covered by a thick varnish layer as
well as to undertake the investigation with interference
from sunlight are shown. During the examination of a
Renaissance painted panel (one of the panels from Dean
house, Edinburgh), strong inteference from a fluorescing
varnish layer was also encountered. The possibilities of the
technique for the non-invasive investigation of fragile
artefacts on paper are illustrated by the yellow pigment
identification on Indian Kalighat paintings and on a painted
textile banner. During the latter survey the articulating arm
was used to allow analysis of a large artefact displayed
horizontally. Finally, working in the galleries represented an
interesting experience as it involved undertaking analytical
research whilst taking into account ambient conditions and
visitors’ curiosity. This approach is illustrated by the study
of the Mar virginals.
Pigment analysis of antique Egyptian sarcophagi
An antique Egyptian sarcophagus [A.1907.569 A], dating
from the twenty first/second Dynasty (1069–715 B.C.), was
investigated at the NMS by using mobile Raman spectros-
copy (Fig. 1a). Samples from this artefact had been
examined before by Fourier transform (FT) Raman
spectroscopy [19]. The aim of the present study was firstly
to investigate whether non-destructive mobile Raman
Table 1 Overview of the different artefacts that were investigated in this work and the analytical challenges they represent
Investigated artefact Analytical challenge
Egyptian sarcophagus (NMS)
(A.1907.569A)
Pigment identification through a thick varnish layer
Egyptian sarcophagus (Glasgow) (1895.167.a) Pigment analysis with strong interference from sunlight. Transport to a different museum,
analyse, and return in 1 day
Dean panel (H.KL 72) Analysis of a varnished painting
Kalighat painting (A.1912.122) Analysis of work on paper
Indian textile banner (K.2005.234) Analysis of a textile artefact of large dimensions with a thin and friable painted decoration
Mar virginals (H.LT 122) Investigation in the exhibition gallery open to the public
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spectroscopy confirmed the previous findings. Secondly we
wished to investigate the thick yellowed varnish layer, to
see how it influenced the investigation, to establish when it
was most likely to have been applied and what its visual
effect was on the underlying colours.
As expected, the yellow varnish generated serious
interference of fluorescence radiation which overwhelmed
the weaker Raman signal. Unfortunately it was not possible
to identify its composition and therefore determine if it was
original or whether it was the result of a previous
conservation treatment. Nevertheless different pigments on
the artefact could be identified. Figure 1b shows that the
baseline-corrected Raman spectrum of the omnipresent
yellow pigment on this sarcophagus is orpiment (As2S3).
Other pigments that could be identified were hematite
(Fe2O3), calcite (CaCO3) and carbon black (C). This is in
agreement with the findings by Eremin et al. [19].
Although positive results were obtained, it was impos-
sible to record a satisfactory Raman spectrum of the green
and blue painted areas of the sarcophagus. It is very likely
that Egyptian blue was used in this artefact; however, when
stimulated with a 785-nm laser this pigment does not yield
a Raman spectrum but gives rise to serious fluorescence
background. Eremin et al. [19] indeed identified Egyptian
blue with FT Raman spectroscopy (although the sample did
not come from exactly the same area), so this illustrates one
of the disadvantages of using mobile equipment. In contrast
to many laboratory instruments, mobile instrumentation is
usually equipped with a single laser, which makes it
impossible to switch to another laser wavelength to
overcome fluorescence interference.
A second Egyptian sarcophagus [1895.167.a] was
investigated at the Burrell Collection in Glasgow, illustrat-
ing one of the advantages of using mobile equipment:
several collections can share one instrument. The sarcoph-
agus (Fig. 2a), dating from the ancient Egyptian New
Kingdom (1570–1070 B.C.), was in the conservation lab,
with high levels of natural light. The conservator wished to
know the identity of the yellow pigment on the cover of the
sarcophagus, since orpiment (As2S3) may degrade when
exposed to high levels of light. Figure 2b shows that the
yellow pigment on the sculptured head and hands of the
sarcophagus lid indeed was indeed orpiment (As2S3),
whereas the yellow pigment on the other areas was limonite
(FeOOH· n H2O).
Pigment investigation of a painted panel from Dean House,
Edinburgh
Mobile Raman spectroscopy was applied to identify the
pigments in one of the Renaissance painted panels from
Dean House in Edinburgh. The “Deans Panels” are thought
to date from around 1627 [20]. The panel representing the
sense of hearing (KL 72) is exhibited on a wall, at a height
of about 3 m, which would have required the construction
of scaffolding in the gallery. Therefore it was considered
more practical to remove the panel temporarily from the
exhibition and bring it to the conservation lab for analysis.
The painted surface was found to be covered with a varnish
layer, which contributed to the fluorescence background,
although it still was possible to identify the pigments in the
investigated areas of the artefact.
Vermilion (HgS) was observed in the red areas, whereas
orange areas merely contained red lead (Pb3O4). Brownish
red areas were painted with a hematite (Fe2O3)-containing
paint. On several occasions, mixtures of two of these
pigments were encountered. Black areas contained carbon
black (C), whereas the white regions were painted by using
lead white (2 PbCO3·Pb(OH)2). Pink zones consisted of a
mixture of the latter pigment with vermilion; vermilion
Fig. 1 a Experimental set-up for the investigation of an Egyptian
sarcophagus at the NMS. b Stack plot of the baseline-corrected Raman
spectrum obtained from the yellow areas of this sarcophagus and the
reference spectrum of orpiment (As2S3). (Experimental conditions for
the spectrum of the artefact: 60 accumulations of 1 s, ×6 objective,
785 nm, ca. 5 mW at the surface)
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could also be identified in the purple regions (the blue
component of which could not be identified). Finally, the
yellow areas examined were painted by using lead–tin
yellow, type I (Pb2SnO4). All these pigments are consistent
with the early modern origin of the artwork.
Identification of the yellow pigment from an Indian
Kalighat painting
The yellow pigment from different areas from an Indian
Kalighat painting was examined by using mobile Raman
spectroscopy. These are nineteenth century Indian water-
colour and opaque media paintings on industrial paper. Since
paper artefacts are fragile, special care has to be taken not to
damage them during handling and positioning of the
spectrometer. Gloves were worn and positioning of the
probe head was performed with great care. On all the yellow
painted areas of the Kalighat paintings that were examined,
the same yellow pigment was encountered. Figure 3 shows
the Raman spectrum obtained, along with the reference
spectrum of chrome yellow (PbCrO4). It is clear that the
yellow pigment in the Kalighat paintings is chrome yellow.
Analysis of a painted banner
The National Museums of Scotland has a large
(1,080×2,030 mm) textile banner of uncertain provenance
in its collection. Stylistic interpretations of the polychrome
design suggest an Indian origin. The banner depicts, on a
green background, colourful imagery of the different stages
on the way to heaven (Fig. 4b, detail). Because of its large
dimensions and the absence of appropriate non-destructive
analytical methods, no previous investigation had been
made and little was known of the materials that have been
applied. The mobile Raman spectrometer was therefore
used to identify the pigments.
In order to be able to examine a range of positions on the
surface of the banner, the articulating arm was used for
macro-positioning of the probe head, while the artefact was
placed horizontally on a table (Fig. 4a). All the paint
surfaces were thin, and in several areas the paint was friable
or had already been lost. Red areas gave rise to the Raman
spectrum of vermilion (HgS, Fig. 4d), whereas the orange
areas yielded a more complex spectrum, which consists of a
combination of massicot (PbO) and red lead (Pb3O4)
(Fig. 4c). Red lead is an orange pigment, whereas massicot
has a more yellowish shade. It is not clear whether massicot
was intentionally added to the paint or whether the latter
pigment arose as a side-product of the synthesis of red lead.
Other pigments that were positively identified in the banner
were calcite (CaCO3), carbon black (C), lead white (2
PbCO3·2 H2O), azurite (2 CuCO3·Cu(OH)2) and anatase
(TiO2). Under the ambient conditions of the conservation
laboratory, which did not have full light exclusion, and
Fig. 3 Stack plot of the Raman spectra obtained from a yellow area
from an Indian Kalighat painting and the reference spectrum of
chrome yellow (PbCrO4). (Experimental conditions for the spectrum
of the artefact: 8 accumulations of 150 s, ×6 objective, 785 nm, ca.
3 mW at the surface)
Fig. 2 a Experimental set-up for the investigation of an Egyptian
sarcophagus in the conservation lab of the Burrell Collection,
Glasgow. Ambient sunlight interfered with the investigations. b Stack
plot of two Raman spectra obtained from the sculptured head and
hands of this sarcophagus. (Experimental conditions: ×6 objective,
785 nm, ca. 5 mW at the surface, 120 accumulations of 1 s)
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using the 785-nm laser, it was impossible to obtain a
spectrum of sufficient quality to identify the green areas on
the artefact. One solution to overcome this problem would
be to use a Raman instrument with a different laser, with a
smaller absorption cross section for the green pigments.
Investigation of an early keyboard instrument,
the Mar virginals
The Mar virginals is an early keyboard instrument, which,
although probably made in the Low Countries, has a long
association with Lady Mary Stewart, countess of Mar and
could have been made in Scotland. It probably dates from
between A.D. 1560 and 1660, and its lid and soundboard
contain three separate painted panels, the central one
depicting Orpheus playing to the animals. We wished to
compare the paintings on the lid to those on the
soundboard, since similar or different pigment composi-
tions may support or disprove the idea that the lid is
contemporary to the virginals.
This artefact had to be analysed while on display in the
museum gallery, which enabled us to evaluate the feasibil-
ity of undertaking the analytical work in a public space. It
was necessary to ensure that there were no health and safety
risks, especially from direct or scattered light from the laser
beam, as well as keeping the electronics and power supply
cables and units away from enquiring fingers. The visiting
public were clearly intrigued with what was going on and to
help explain this, a poster informed the visitors about the
experiments.
Working in the gallery also meant that the ambient
conditions were far from ideal. During this study, two
issues severely hampered the Raman investigations: back-
ground light and spatial limitations. It was not possible to
reduce the intensity of background light to avoid interfer-
ence which tended to overwhelm the spectrum, nor on this
occasion to undertake the work overnight. And since the
Mar virginals was not taken out of its display case, little
space was available to align the probe head with the painted
surface, the cramped conditions meaning that great care had
to be taken not to touch the artefact. To maximise flexibility
Fig. 4 a Experimental set-up
for the investigation of a large
textile banner. b Lower part of
the investigated textile banner.
c Raman spectrum of an orange
area of the textile banner,
together with the reference
spectra of massicot (PbO) and
red lead (Pb3O4). (Experimental
conditions for the spectrum of
the artefact: 1 accumulation
of 150 s, ×6 objective, 785 nm,
ca. 10 mW at the surface).
d Raman spectrum of a red area
of the textile banner and
reference spectrum of vermilion.
(Experimental conditions:
1 accumulation of 150 s,
×6 objective, 785 nm,
ca. 5 mW at the surface)
Fig. 5 Experimental set-up for
the investigation of the Mar
virginals
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the probe head was mounted on an articulating arm and
extension tubes [8] were used to approach the painted
surface (Fig. 5).
Nevertheless, despite these non-ideal conditions, the
pigments could be identified. White lead (2 PbCO3·Pb
(OH)2) is omnipresent: almost all the recorded Raman
spectra contain the intense Raman band at 1,056 cm−1,
whereas the less intense bands of white lead at 260, 203
and 154 cm−1 are only observed in a few spectra.
Apparently, this pigment was applied to modify the hue of
the coloured areas, making them appear brighter. From the
intense Raman bands at 254, 283 and 343 cm−1, it is clear
that the red areas were painted with the red pigment
vermilion (HgS), whereas the bright yellow areas were
painted by using orpiment (As2S3). Carbon black (C) is the
black pigment which was used in the painted decoration.
In general, the blue areas of the painting did not yield
Raman spectra of sufficient quality to allow identification.
The reasons for this are multiple. In general, blue and green
pigments absorb the red (785 nm) laser light which hinders
the recording of a spectrum. In addition there was a large
amount of background radiation, both from the gallery
lights and from fluorescence, which was probably caused
by the varnish layer. It is very likely that the blue pigment
azurite (2CuCO3·Cu(OH)2) is used in the artwork, since
this pigment was very commonly used in Renaissance
period: however, unfortunately azurite happens to be a
weak Raman scatterer when using a 785-nm laser, which
means that small amounts of background radiation easily
overwhelm the Raman spectrum.
Although only a few areas on the soundboard could be
examined, the pigments on the lid were in good agreement
with those on the soundboard. Despite the fact that this
research project should be considered as a pilot study, this
tends to support the thesis that the lid and the soundboard
originate from the same instrument, or at least were painted
at a similar period. However other approaches, such as
stylistic studies, or taking samples to matching the spore-
element compositions of the paint from the lid and the
soundboard [9], are needed to be more definite. Since the
investigation of this rare musical instrument was performed
in one day, time was confined and only a limited number of
areas could be examined. In fact, except for the absence of
lead–tin yellow, none of the pigments were rare for an
artwork of this period.
Conclusions
This work reports on the application of mobile Raman
spectroscopy to the non-invasive investigation of a range of
object of arts in a museum context. The different cases
presented here illustrate different obstacles and analytical
challenges that are often encountered during direct Raman
investigations of museum objects. The investigation of two
antique Egyptian sarcophagi shows the possibilities of the
technique to deal with artefacts covered by a thick varnish
layer as well as the investigation with the interference of
ambient sunlight in the conservation laboratory. The
investigation of the Dean House panel illustrates the
possibilities of pigment investigation although a fluorescing
varnish layer is present; the suitability of the method to
analyse fragile artefacts was demonstrated by the investi-
gation of Indian Kalighat paintings on paper; the textile
banner was both fragile and large. Finally, the Mar virginals
has been examined for the first time directly in the
exhibition gallery with normal lighting conditions and with
visitors present. All these examples illustrate that non-
destructive, mobile Raman spectroscopy is able to cover a
broad field of research questions on artistic and historical
objects, in a range of different experimental conditions,
encountered in a museum context.
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